A poly(amic acid) (PAA) was prepared by ring-opening polyaddition of 4,4'hexafluoroisopropyridenebis(phthalic anhydride) and 1,3-bis(4-aminophenoxy)benzene. The PAA film was very soluble to a tetramethylammonium hydroxide (TMAH) aqueous solution, whereas the dissolution inhibitor, 2,3,4-tris(1-oxo-2-diazonaphthoquinone-5-sulfonyloxy)benzophenone (D5SB) effectively suppresses the solubility. This film could lead to polyimide exhibiting good thermal stability. An UV-vis.spectrum of the PAA film indicated excellent tranceparency to i-line (365 nm) and the PAA containing 20 wt% of D5SB showed a sensitivity of 100 mJicm2 and contrast of 7. 1, after exposed to i-line followed by developing with a 0.1 % TMAH aq. at room temperture. When this pattern printed film was heated at 200 °C for 24 hour to derive polyimide film, the pattern was maintained without any flow through the imidization.
Introduction
Photosensitive polyimides (PSPIs) are widely used as protection and insulation layers in semiconductor manufacturing because of their excellent properties such as thermal and chemical stabilities and low dielectric constants. They are also attractive since they simplify processing and avoid the use of photoresist in the microelectric industry. Most of the photosensitive polyimides are prepared from polyamic acids, where crosslinking sites are introduced to amic acids through ester [1] and acid-amine ion linkages [2] . Such negative-type polyimides are commercially available. They, however, have disadvantage to swell during development, because their developer is organic solvents. In order to overcome this problem, positive working PSPIs which can be developed with water based solutions have been attracting great interest. Kubota [3] The photorearrangement of 2-nitrobenzyl ester causes the cleavage of the ester linkages. Although the exposed area can be dissolved in aqueous alkali solutions, this system has low sensitivity and is not used for practical purposes. amote and Yamaoka reported that nifedipine (1,4dihydro-2,6-dimethyl-4-(nitrophenyl)-3,5-pyridinedicarboxylic acid dimethyl ester) acts as a dissolution inhibitor in poly(amic acid) after postexposure bake (PEB). [4] This system is positive working and developable with tetramethylammonium J. Phofopolym. Sci. Technol., Vo1.10, No. 1, 1991 hydroxide (TMAH) aqueous solution and exhibits a good sensitivity and contrast.
On the other hand, diazonaphthoquinone (DNQ is a typical photoreactive compound for the formation of positive photoresists. Upon exposure to UV light, DNQ is converted to indene carboxylic acid, which is extremely soluble in aqueous base solutions due to the carboxylic acid functionality.
Poly(amic acid)s possessing hydrophilic carboxylic groups are the conventional polyimide precursor, and they have great possibility for the application to a PSPI-precursor without partial imidization or functinalization. Several groups have reported the preparation of resists consisting of poly(amic acid)s and DNQ. [5] [6] [7] The dissolution rate of the poly(amic acid)s toward an aqueous alkaline solution is, however, essentially too high to get a sufficient dissolution contrast. The high solubility of the poly(amic acid)s is determined by the balance of the hydrophilic carboxylic acid groups and the hydrophobic aromatic groups in the main chain. Increasing the hydrophobicity of the diamine or dianhydride monomers, therefore, should decrease the solubility and promise poly (amic acid) as a alkaline developable polyimide precursor. In this paper, we describe the preparation of polyamic acid from several diamines with various hydrophobicity and development of simple poly(amic acid) as a photosensitive polyimide precursor.
Experimental Section 2.1 Measurements
The IR spectra were recorded on a Horiba FT-210 spectrometer. The UV spectra were obtained on a Shimadzu UV-2200 spectrophotometer. Viscosity measurements were carried out by using an Ostward viscometer at 30 °C in NMP. Thermogravimetric analyses (TGA) were performed on a Seiko SSC' 5200 (TG DTA 220) thermal analyzer at a heating rate of 10 °C•min 1. The Differential scanning calorimetry (DSC) were performed on a Seiko SSCI""_5200 (DSC 220) instrument at a heating rate of 20 °C•min-1 for under nitrogen . The film thickness was measured by a Dektak 3030 system (Veeco Instruments Inc.). The Scanning electron micrographs were obtained by JEOL 5300 scanning electron microscope.
Materials
Monomers, 4,4'-(hcxafluoroisopropylidene)diphthalic anhydride (6FDA), 4,4'-methylenedianiline (MDA), 4,4'-oxydianiline (ODA), 1,3-bis(4-aminophenoxy)benzene (TPE-R) and 2,2-bis[4-(4-aminophenoxy)phenyl]propane (BAPP) were commercially available and used as received. N,N-Dimethylacetamide (DMAc) was distilled just before use. The other materials and solvents were commercially available and used as received.
Polymer synthesis
To a solution of diamine (1.00 mmol) in 3.5 ml of DMAc, 6FDA (0. ' 4 g, 1.00 mmol) was added at 0 °C with stirring . After stirring at room temperature for 4 h, the solution was poured into water!methanol (1 l 1, v/v), and the heterogeneous solution was stirred for 5 h. The polymer was filtered off and dried in vacuo at 50 °C for 12 h.
Dissolution rate
PAA was dissolved at 20 wt% in bis(2-methoxyethyl) ether (diglyme) to which was added DSSB (20 wt% of the total solid). Film spin-cast on Si wafer was prebaked at 80-120 °C for 10 min and exposed through a filtered super-high pressure mercury lamp SH-200 (Toshiba Lighting and Technology Corporation). Imagewise exposure was carried out in a contact mode. Exposed films were subjected to developing with 0.1 % tetramethylammonium hydroxide (TMAH) aqueous solution at room temperature.
Photosensitivity
The 3 mm PA A film on a silicon wafer was exposed at 365 nm wavelength to the filtered superhigh mercury lamp, developed in 0.1 % TMAH aq. at room temperature, and rinsed with water. The characteristic curve was obtained by a plot of normalized thickness against exposed energy.
Results and Discussion 3.1 Polymer synthesis
Poly(amic acid) as a precursor for a photosensitive polyimide must possess good transmission in the UV region and good solubility. It is well known that a polyimide having fluoroalkyl groups in the main chain possess a good transparency and a good solubility. [8] Thus we selected 4,4'-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) as a dianhydride monomer. As a diamine monomer, we used conventional diamines, 4,4'-methylenedianiline (MDA) and 4,4'-oxydianiline (ODA), and more hydrophobic diamines, 1,3-bis(4-aminophenoxy)benzene (TPE-R) and 2,2-bis[4-(4-aminophenoxy)phenyl]propane (BAPP).
Ring-opening polyaddition reactions of these diamines and 6FDA were carried out in N,N-dimethylacetamide (D1\IAc) at room temperature for 4 h. Polymerizations proceeded quantitatively and produced poly(amic acid)s with inherent viscosities up to 0.5 dL•g 1(PAA-1, 2, 3 and 4, respectively) (Table 1). The polymers were identified as the corresponding poly(amic acid)s by IR spectra. The IR spectra showed characteristic absorptions at 1720 and 1660 cm 1 due to the carboxyl acid and amide groups, respectively.
To clarify the effect of dissolution inhibitor on the solubility of the films from these poly(amic acid)s, solubility of spin cast poly(amic acid) films and those containing 20 wt% dissolution inhibitor, 2,3,4-tris(1oxo-2-diazonaphthoquinone-5-sulf onyloxy)benzophenone (D5SB), to 0.1 wt% tetramethylammonium hydroxide (TMAH) aqueous solution was estimated. As shown in table 1, the effect of dissolution inhibitor in the presence of D5SB was not observed in the PAA-1 and 2 films. The most hydrophobic PAA-4 film was not soluble but swelling in the TN-1AH solution without the dissolution inhibitor. On the other hand, PAA-3 film was soluble in the TMAH aq. and the addition of D5SB apparently suppressed the solubility. Therefore, PAA-3 would be most suitable for a photosensitive polyimide precursor among the poly(amic acids in this study. For a photosensitive polyimide, high thermal resistance is generally required. Thermogravimetry analysis (TGA) and differential scanning carolimetry (DSC) mesurements were performed for polyimide film from PAA-3 ( Figure 1 ). 10% weight loss temperature was 520 and 510 °C in nitrogen and air, respectively. Glass transition temperature (Tg) was observed at 240 °C in the DSC curve.
Thus PAA-3 was very soluble to TMAH aqueous solution but insoluble in the presence of D5SB. In ckness was addition, PAA-3 could lead to polyimide having a good thermal stability which should be required for photosensitive polyimides. We thus selected PAA-3 as a photosensitive polyimide precursor. Figure 2 shows a UV spectrum of 3 mm thick PA-3 film cast on quartz cell. The PAA-3 was transparent over 350 nm, and the transmittance at i-line wave length (365 nm) was more than 80 %. Figure 3 shows changes in the UV spectrum of PAA-3 film containing 20 wt% D5SB upon UV irradiation. The intensity of the absorption band at 375 nm was decreased rapidly as a result of the irradiation. Therefore , the resist consisting .AA-3 and D5SB as a matrix and a photoreactive compound would be expected to show the high sensitivity toward i-line. Figure 4 shows the relationship between the prebake (PB) temperature and the dissolution rate of PAA-3 film containing 20 wt% of D5SB. The exposed (400 mJ•cm-2) film containing 20 wt% of D5SB was dissolved to 0.1 % aqueous TMAIJ solution, but the corresponding unexposed film was not dissolved at all PB temperatures examined. The dissolution rate of exposed film was constant below 90 °C of PB temperature, but rapidly decreased over 100 °C of PB temperature. This may arise from a partial imidization of PAA-3 through dehydration and/or a thermal decomposition of D5SB. These should be easily monitored by IR spectrum. Figure 5 shows IR spectra of PAA-3 film containing 20 wt% of D5SB after PB at various temperature and polyimide film derived from PAA-3 by heating at 300 °C for 1 hour. The characteristic absorption at 1781 cm-1 due to a imide carbonyl group was not observed below 100 °C of PB temperature , but slightly appeared above 110 °C. A partial imidization thus occurred above 1 10 °C of PB temperature. On the other hand, a sig- the half-life of the decomposition is 8 min at 130 °C and 89 sec at 150 °C. [6] In our case, D5SB did not decompose at 120 °C at least within 5 min. Therefore, the decreasing of the dissolution rate above the PB temperature of 110 °C should be attributed by the partial imidization of P.AA-3. As the imidization and the decomposition of D5SB did not occur at below 100 °C of the PB temperature, we decided the temperature and time for the PB conditions 100 °C and 10 min, respectively.
Lithographic evaluation
After a preliminary optimization study involving prebaking temperature and developing temperature, we prepared a photosensitive polyimide precursor system consisting of PAA-3 and 20 wt% of D5SB. A sensitivity curve for a 3 mm thick PAA-3 film shown in Figure 6 was consistent with the dissolution behavior studied above, indicating that the sensitivity (D°) and contrast(') were 100 mJ•cm-2 and 7.1, with 365 nm light, respectively, after PB treatment at 100 °C for 10 min . Figure 7a shows the scanning electron micrograph of a positive-image projection printed from PAA-3 by prebaking at 100 °C for 10 min after exposure of the film to 400 mJ•cm 2. This resist is capable of resolving a 10 mm feature when 3 mm thick films are used. The pattern printed film was heated at 200 °C for 24 hours to convert to the polyimide film. Figure 7b shows a scanning electron micrograph of the polyimid film. It is seen clearly that the pattern was maintained without any flow through the imidization of the poly(amic acid) film. 3.3 Thermal stability of polymer films Figure 8 shows TGA curves of the film after development with 0.1 % TMAH solution (broken line) and after curing at 300 °C for 1 hour (solid line). The former curve exhibited slopes with two steps being evident. The first weight loss starts at around 150 °C , indicating that cyclization and degradation of DSSB begin at this temperature. The weight loss continues up to at around 300 °C, A degradation of the polyimide was observed over 500 °C. On the other hand, the solid lines showed no weight loss around 150 °C. Although the solid line showed slight decrease from 350 °C, the thermal stability was maintained to 500 °C. These results indicate that DSSB as the photoreactive compound can be removed by high-temperature treatment after the development process, and that the thermal properties of the resulting polyimide were not damaged by the addition of DSSB. A loss in the film thickness during the imidization was about 20 %, which is much smaller than the formerlyy reported posi-type photosensitive polyimide precursors.
Conclusions
A positive working alkaline developable photosensitive polyimide was developed based on a sim-ple poly(amic acid) by controlling the hydrophobicity of the main chain. The resists showed high sensitivity and contrast o! 100 mJ•cm and 7. 1, respectively, and gave 10 mm features through UV light irradiation, followed by developing 0.1 % TMAH aqueous solution.
